The intensive impact load will generate a huge acceleration in the primary part of the Electromagnetic buffers (EMBs), resulting in an instantaneous increase in the eddy current loss of the permanent magnet (PM). In this paper, the PM eddy current loss is taken into account in the electromagnetic buffering under intensive impact load. The reason why the eddy current damping force differs between two different buffer stages is analyzed. The experimental results signify that the model considering the PM eddy current loss is more accurate.
Introduction
Electromagnetic buffers (EMBs) are used in a range of technological applications such as braking systems [1] [2] [3] [4] , structural vibration suppression [5, 6] since the advantage of no additional stiffness and no friction [5, 7] .
The time-varying eddy currents are induced in the conductor tube by the relative motion between the secondary part and the permanent magnet (PM). According to Lenz's law, the eddy currents induce another magnetic field with opposite polarity of the primary external magnetic field, thereby causing repulsive forces, i.e., damping forces, which tends to stop the buffer (shown in Fig. 1 ).
The damping mechanism via eddy currents has been investigated by many researchers. Ebrahimi et al. introduced the analytical model considering the skin effect and heat transfer of a new cylindrical linear eddy current buffer for a vehicle suspension system verified by low-velocity experiments [1] [2] [3] [4] . Irazu et al analyzed a contactless eddy current damper, which consists of applying steady state magnetic fields to conductive structures in order to dampen their vibration [5] . Butt et al proposes a two-degree-of-freedom apparatus of machining vibration attenuation of compliant part by means of a non-contact damping [6] .
The research on EMB mainly focuses on the buffer mechanism and damping characteristics under low-velocity and low-load, therefore, there is less research considering the PM eddy current loss, which cannot be ignored under intensive impact load.
The eddy current produces a demagnetization magnetic field on the PM, at the same time a high-frequency eddy current is generated in the PM with applied intensive impact load. In this paper, a cylindrical linear EMB is introduced to study the damping characteristics of PM eddy current loss under intensive impact load.
Construction and principle of EMB
As illustrated in Fig. 1 , the studied cylindrical linear EMB mainly consists of two parts: (1) the primary part, which consists of a moving rod combined with a sequence of ring-shaped, axially magnetized PMs separated by pure iron poles, and (2) the secondary part, which consists of an outer tube and an inner tube. Fig. 2 exhibits the layout of the primary part and the secondary part of the EMB, which are oriented with magnetic poles of the same polarity facing each other to increase the amount of magnetic flux entering the secondary. , , , , , , are the thickness of the PM; the pole pitch; the internal radius of the inner tube; the external radius of the inner tube (the internal radius of the outer tube), the external radius of the EMB, the internal radius of the PM, the external radius of the PM, respectively.
The cylindrical EMB can reach high velocity in a short time under the intensive impact load, which causes the eddy current distribution to be affected by the boundary effect, demagnetization effect and skin effect. 
Edge effect
The eddy currents generated by the original magnetic field in the infinite inner tube and outer tube are obtained by:
where , 1 and are the EMB velocity; the magnetic field in the conductor; the inner tube and outer tube conductivity, respectively. It can be seen from Eq. (1) that the eddy current density in the infinite inner and outer cylinders of length is not 0. since the outer tube is ferromagnetic material with non-negligible conductivity, there is still induced eddy currents, the edge effect has a weak influence on the eddy current density of the inner tube. the radial component of eddy current density of the inner tube is approximately uniform.
However, the effect of the edge effect on the outer tube cannot be ignored, as demonstrated in Fig. 3 . The eddy current density at the outer tube edge is 0, which is considered by introducing mirror current. Therefore, the eddy current density at the outer tube can be expressed as:
where 2 (1) and ( ) are the eddy current density for infinite outer tube and the imaginary eddy current, respectively. The damping force generated by the motional electromotive force at the inner tube is obtained by:
where and are the component of velocity and the penetration depth. However, the damping force generated by the motional electromotive force at the outer tube can be obtained by 
The eddy current damping force of the electromagnetic buffer can be expressed as: Fig. 3 . Eddy currents of the inner tube and outer tube
Demagnetization effect
When the primary motion occurs, the eddy current density varies with the velocity of the EMB driven by intensive impact load. The time-varying eddy current magnetic field interacts with the original magnetic field, resulting in the distortion of magnetic lines. The eddy current magnetic induction can be obtained by Ampere circuital theorem as follows:
where , and are the radial lengths of the air-gap, and the cross-sectional area of the eddy current region generated in the inner tube and outer tube, respectively.
Skin effect
The fundamental frequency of the induced currents in the secondary is limited by the buffer velocity. The penetration depth is defined as the depth below the conductor surface at which the current density decreases to 1/ of the current density at the surface, which is obtained from:
where is the relative permeability of the conductor.
FE result and impact test
Ansoft Maxwell, a mature Finite element (FE) software for electromagnetic fields, is used to study the PM eddy current loss under intensive impact load. The solution of cylindrical about under Maxwell 2D is selected for electromagnetic transient analysis. The simulated intensive impact load is imported to the two-dimensional axial-symmetry FE model (Fig. 4 ) by using the built-in functions. The PM conductivity is the common value of NdFeB 625000 s/m. The FE models of considering the PM eddy current loss and without it are compared. As illustrated in Fig. 4 , the FE model calculate the eddy current distribution of adjacent permanent magnets without showing the eddy current of the conductor tube and iron pole when the EMB velocity is 6 m/s. Fig. 5 is a view showing the eddy current distribution of the permanent magnet with the PM eddy current loss. The maximum value of the eddy current loss appears between 6 m/s and 9 m/s instead of the maximum velocity since the eddy current loss is affected by the change rate of the secondary field. The EMB subjected to the impact load has the smallest acceleration at the maximum velocity and thus the loss eddy current is negligible. The eddy current of the PM lower side is one order of magnitude above the upper side, which is consistent with the local demagnetization position of the PM caused by the secondary eddy current field. The axial current of two pole lengths of the inner and outer tube is shown in Fig. 6 . The eddy current of the inner tube is uniform with the velocity less than 3 m/s. As the velocity increases, the eddy current decreases on one side of the inner tube, and the eddy current increases on the other side, as does the outer tube. As demonstrated in Fig. 7 , a manufactured prototype EMB system has been tested under the intensive impact load, which is consistent with the impact load of the FE model shown in Fig. 8 , under room temperature. Through the comparison of FE results, we find the damping force with the PM eddy current loss is greater than that without the PM eddy current loss when the eddy current damping force is smaller than the intensive impact load. The peak of the damping force has a difference of 3 kN.
Since the PM eddy current loss in the acceleration phase is much larger than that in the high speed phase, the PM eddy current magnetic field is more likely to hinder the increase of the secondary eddy current magnetic field. Thereby, the secondary eddy current magnetic field has a weak influence on the original magnetic field resulting in the increase of the eddy current damping force: The EMB starts to decelerate after the impact load is completed, and the damping force is smaller than that without the PM eddy current loss. At this time, the PM eddy current magnetic field hinders the reduction of the secondary eddy current magnetic field, which have an enhanced influence on the original magnetic field. resulting in the decrease of the eddy current damping force. The FE model considering the PM eddy current loss is closer to the experimental result. Moreover, the impact load can cause fluctuations in the experimental results. The buffer displacement and the velocity do not substantially change since the damping force first increases and then decreases.
Conclusions
In this paper, the PM eddy current loss is taken into account in the electromagnetic buffering process under the intensive impact load. The reason why the peak of the resulting eddy current damping force illustrated a difference of 3 kN compared with initial FE model was analyzed. The experimental results signify that the model considering the PM eddy current loss is more accurate.
